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Abstract 
The. frequency dependence of zero bias capacitance for 
a Metal-Nitride-~ipos-~ilicon (MNSS) capacitor was compared 
to that of a Metal-Nitride-Qxide-~ilicon (MNOS) capacitor 
in the frequency range of 20 Hz to 1 MHz. (SIPOS is oxygen 
doped semi-insulating polycrystalline silicon.) It was 
found that the MNOS capacitance was independent of 
frequency, whereas the MNSS capacitance indicated evidence 
of dielectric dispersion starting at 30 Hz. The real part 
of the dielectric constant decreased from 100% of its total 
relaxed value at 20 Hz to 14% of its relaxed value at a 
frequency of 3 KHz. A relaxation frequency of 100 Hz was 
calculated from the the dispersion curve. Because the two 
structures were identical, except for replacing the oxide 
with SIPOS to fabricate the MNSS capacitor, it was 
concluded that the dispersion was caused by the SIPOS. 
Furthermore, plotting the imaginary part of the dielectric 
constant as a function of frequency resulted in a distinct 
. 
maximum at the relaxation frequency. This is indicative of 
Debye-like dispersion properties. Therefore, the Debye 
equations were used to calculate the relaxation time. 
1 
' 
" 
1.1 Background 
Chapter 1 
Introduction 
' . 
Performance and reliability of semiconductor devices 
strongly depends on surface effects. Thermally grown 
silicon dioxide has been traditionally used as a surface 
passivation layer to prot~ct the silicon device from 
externally applied fields which may effect the surface 
characteristics. One major drawback of silicon dioxide is 
that it is susceptible to sodium ion contamination, that in 
conjunction with an externally applied field, may cause the 
surface of the silicon to invert, resulting in undesirable 
device interaction, and ultimate failure of the integrated 
circuit. A solution to preventing the effects of sodium 
~ ion contamination was to add another layer of passivation 
on top of the silicon dioxide. Silicon Nitride (Si3N4) was 
the passi vant of choice and this proved to suppress the 
effects of sodium drift. 
Even with the addition of silicon nitride • in 
combination with silicon dioxide, the surface of the 
silicon was still influenced by the presence of an 
' 
externally applied field. A solution to this problem would 
2 
be to increase the thickness of the passivation layers, 
increase the impurity concentration of the silicon 
substrate (or epitaxial layer), or lower the operating 
voltage of the chip, all of whi9h are undesirable from an 
integrated circuit design standpoint. 
Oxygen doped ~emi-.Insulating ~olycrystalline .§.ilicon 
(SIPOS) may be used as a surface passivant to solve the 
aforementioned problems exhibited by tradition~! methods of 
surface passivation. This film may be used on n-type or p-
type silicon substrates because it is electrically neutral. 
SIPOS has been used in the fabrication of highly reliable 
silicon integrated circuit transistors that operate up to 
500 volts1 . 
The electrical properties of SIPOS are well known. All 
the traditional electrical measurements such as 
resistivity, capacitance-voltage plots, dielectric 
~ 
constant, etc. have been made2 , 3 , 4 , 5 ,G, 7 ,s, 9 • However, not 
much work has been done to study the ac characteristics of 
this film and determine what effect these characteristics 
would have on the performance and reliability of silicon 
integrated circuits. 
3 
1.2 Goals of This Research 
As the use of SIPOS as a surface passivant 
I 
1S 
increasing, information about the ac electrical properties 
becomes more important. The objective of this research is 
to focus on one of these properties called dielectric 
relaxation time. Dielectric relaxation time is a measure 
of the time it takes for charge in a semiconductor to 
become neutralized by conductive processes. It can be very 
short in metals and very long in insulators10 . 
Because the microstructure of SIPOS (discussed in a 
later chapter) is so complicated and not completely 
understood, the measure of the dielectric relaxation time 
will, for this research, be more appropriately referred to 
as a macros.copic relaxation time of SIPOS. Knowing the 
value of such a parameter should provide some insight as to 
how SIPOS passivation may respond to an ac signal, be it 
intentional or unintentional, 
circuit. 
4 
applied to the integrated 
Chapter 2 
SIPOS and Relaxation Time 
The device that will be used in this research • 1S a 
Metal-Hitride-~ipos-~ilicon {MNSS)capacitor, discussed • in 
more detail in the next chapter. In order to understand 
how this device works, one must first understand the 
operation of • sipos. This chapter will discuss those 
concepts that pertain to dielectric dispersion of and 
relaxation phenomena in SIPOS. The theory will be divided 
into two sections: 1) theory of dielectric dispersion and 
concept of relaxation, and 2) theory of SIPOS. 
2.1 Dielectric Dispersion and Dielectric Relaxation 
Dielectric dispersion is a phenomenon which occurs in 
passivation layers containing polar molecules. 
concept was first discovered by P. Debye11 • 
This 
A polar 
molecule • 1S one which has a permanent electric dipole 
moment. The total amounts of positive and negative charge 
are equal so the molecule is electrically neutral, however, 
the distribution of the two kinds of charge are different, 
so that the positive and negative charges are centered at 
points separated by some molecular distance to form -an 
electric dipole moment. The electric dipole moment, u, ,, 
5 
I . 
corresponds to two electric charges of opposite polarity 
+/- Q separated by a distanced 
u = Qd ( 2. 1) 
The dipole moment of a molecule depends on the • size 
and symmetry of the molecule, and it influences the 
permittivity of a material. Similarly, studies of 
permittivity can be used to measure the dipole moment of a 
molecule. 
Consider a parallel plate capacitor • in a vacuum, 
separated by a distanced. Suppose a voltage Vis applied 
across the capacitor plates so that they acquire charges +Q 
and -Q. The capacitance per unit area may be defined as 
Co= Q/V (2.2) 
Now suppose that the gap between the plates is filled 
with some material. The electric field due to the charges 
on the plate will polarize the molecules, attracting the 
positive charges to one end and negative charges to the 
other end. 
defined as 
The static permittivity of that material is 
€
.o = C/Co (2.3) 
where Co is defined in equation 2.2. The permittivity of 
the material will be higher the greater the polarizability 
6 
of the molecules. This polarizability is caused by two 
effects: electronic polarization, where the electric field 
causes a displacement of the electrons relative to the 
nucleus in each atom, and atomic polarization, which is a 
displacement of the atomic nuclei relative to one another. 
If the material between the plates is polar, a third kind 
of polarization, orientation polarization, plays a role in 
determining the permittivity. . Orientation polarization is 
the lining up of permanent dipoles parallel to the applied 
electric field. Electronic, atomic, and orientation 
i 
polarization may collectively be referred to as distortion 
polarization. Quantitatively, the polarizability • 1S a 
measure of the average dipole moment per unit of local 
field strength. The relationship between permittivity and 
polarization may be expressed as 
€0 = 1+4,rP/f.E ( 2. 4) 
where polarization Pis produced by an applied field E, and 
epsilon, 
14F/cm. 
e., is the permittivity of free space, 8. 854E-
P, for the example of the parallel plate 
capacitor, may also be referred to as the induced surface 
density of charge on the material, and is also the electric 
moment .induced per unit volume. If there are N molecules 
7 
per unit volume and the average moment induced in each of 
them ism, 
then 
P = Nm (2.5) 
where m accounts for all types of polarization. If the 
average electric field acting on a molecule 
average moment m will be proportional to F: 
m = aGyF 
• l.S F, the 
( 2. 6) 
where is the total polarizability of the molecules and 
( 2. 7) 
o<e, °"~' and o<o are the electronic, atomic, and dipolar 
contributions to the polarization. It follows that 
£a = 1+4,rNo<,.F/E.E ( 2. 8) 
In most theories .permittivity is studied for the case 
where the applied field • 1S steady, thus I I acquiring 
information about the "static permittivity" of the 
material. Moreover, the frequency of the applied field is 
kept sufficiently low so that the full effect of all types 
of polarization may be accounted for. However, the three 
types of polarization discussed above are all functions of 
frequency. That • is' if a low frequency alternating 
electric field is applied, each molecule is able to react 
to the change in it' s surroundings being caused by this 
8 
field and the value of the permittivity does not change. 
As the frequency is increased, dielectric dispersion begins 
to effect the permittivity of the material. That is, the 
frequency is increased to the point where the polarization 
can no longer respond to the polarizing field being 
applied. The result is that the permittivity falls off to 
a value E.00 , which is the permi tti vi ty corresponding to 
some high frequency. This permittivity at high frequency 
is equal to the square of the refractive index (n) of the 
material. 
It has been shown that the permittivity may be divided 
into real and imaginary parts in the following way12 . If 
the applied field alternates with some frequency f, angular 
frequency w=2~f, we can represent this field by 
E = Eo exp{jwt) (2.9) 
The static permittivity and refractive index 'are defined 
in terms of P and P1 by 
4ffP = c(Eo - +>E, w-->O 
and 4~P1 = £(n~ - l)E. 
{2.10) 
(2.11) 
Pis the equilibrium value of the total polarization, P1 is 
the distortion polarization, £0 is the static permittivity, 
and n • 1S the refractive index • If the part of the 
9 
polarization that takes time tqi reach its equilibrium value 
( 
---
dt 
---
dt 
( 
p - P1 - P2 
:=: -----------
-
-
~ 
_! __ (to - n 1)Eo exp(jwt) - P2/~ 
4.,,- 't 
(2.12) 
( 2. 13) 
In the steady state we shall expect a solution of the 
form 
P2 = A exp (jwt) , (2.14) 
where A can be found by substituting this solution into 
the differential equation, giving 
A= t(Eo - n 1 )Eo/4~(1 + jw~) 
and P2 = €.(Eo - n2,)E/4'fT(l + jwrr) 
( 2 . 15) 
(2.16) 
In this solution P2/E becomes a complex quantity. This 
means that the part of the polarization that could not 
,' 
respond quickly enough I l.S now out of phase with the 
polarizing field. We may write 
€(nt - l)E £(Ea - n2 )E 
--------- + ------------ (2.17) P1 + P2 = P' - jP''= 
4itr 41r( 1 + jw't) 
~ 
where both P' and P'' are real. When the polarization 
becomes complex, the permittivity becomes complex: 
e* = E' - jE'' = 1 + 41r(P' - jP' ')/e.E (2.18) 
= n 2 + (£0 - n~)/(1 + jw't) (2.19) 
10 
. ' 
• 
where both £' and ,,, are real: 
f o - n2. 
f' 
---------
(2. 20) 
and 
I I -E. - --------- w'C" 1 + w2 rc.Z 
(2. 21) 
Equations 2.20 and 2.21 are often referred to as the Debye 
equations13 , and it is seen that both the imaginary and 
real parts of the dielectric constant are frequency 
dependent. 
In summary, in any material the polarization may be 
divided into two parts: (1) there will be some spontaneous 
polarization which will respond to all frequencies in the 
defined experimental frequency range. These polarization 
phenomena will determine the value of the permittivity at 
higher frequencies, and (2) there will be some part of the 
polarization that will not be capable of responding to the 
alternating applied field as the frequency of the field is 
increased. These polarization phenomena will limit the 
value of the permittivity at higher frequencies. 
In an ideal capacitor, the electric charge adjusts 
itself instantaneously to any change in voltage. i.e. there 
is complete instantaneous polarization at any and all 
11 
frequencies. In practice, however, there is an inertia-to 
charge movement that shows up as a relaxation time for 
charge transport. Relaxation time may be defined as a 
measure of the time it takes for charge in a material to 
become neutralized by conductive processes. This parameter 
is of particular importance in semiconductor integrated 
circuits because the failure of films • serving as 
passivation layers or interlevel dielectrics to respond to 
ac signals may ultimately cause device failure. The upper 
frequency limit of these ac signals may be determined by 
studying the dielectric dispersion properties of each film. 
2.2 Operation of SIPOS 
When SIPOS is used in a passivation scheme, it is 
deposited directly on the surface of the silicon. This 
usually requires the addition of only one extra photoresist 
operation in a normal • processing sequence. The extra 
photoresist operation, performed after the last emitter 
reoxidation, is required so that the field oxide may be 
stripped from the entire wafer except · where 
interconnects will make contact to the wafer. 
the 
SIPOS 
protects the surface of the silicon from external 
influences by allowing any charge near the surface of the 
silicon to drift into the SIPOS. Since the trap density of 
12 
', ... 
f.'.I 
SIPOS is of the order of 10E17 to 10E18 per cubic cm, the 
charges are mainly captured by the traps 7 • This is shown 
pictorially in Figure 2.1. This charge may also neutralize 
with the ionic contamination present in the passivation 
above the SIPOS, or farm a space charge • region at the 
surface of the SIPOS that will electrostatically shield the 
silicon from externally applied fields. Since the 
resistivity of SIPOS is uniform in the lateral direction, 
the lateral ohmic current makes the electric field in the 
film uniform, which relaxes the surface electric field of 
the semiconductors. Therefore, devices passivated by SIPOS 
films show higher breakdown voltages than those passivated 
by traditional films 7 • 
2.3 Deposition of SIPOS 
The SIPOS used in this research was deposited in a 
four (4) stack Bruce Diffusion Furnace {BDF-4), that is 
controlled by a Model 7351 Direct Digital Control (DOC) 
Microcontroller • using • version 7 
deposited by an LPCVD method 
software. 
using. the 
SIPOS was 
reactive 
decomposition of nitrous oxide {N20) and silane {SiH4) at a 
temperature of 637 degrees centigrade, and a pressure of 
o. 28 Torr. The deposition time for 3350 angstroms was 2 
hours and five minutes, resulting in a deposition rate of 
13 
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(/ 
I . 
30 angstroms per minute. The oxygen concentration in the 
SIPOS may be precisely controlled by varying the ratio of 
silane to nitrous oxide gas flow. This • 1S important 
because the the electrical characteristics of the SIPOS 
depend on the oxygen concentration of the film. 
2.4 Electrical Behavior Of SIPOS 
In order to visualize, physically, how relaxation 
phenomena • occur in SIPOS, it • 1S imperative that one 
understands how SIPOS behaves electrically. 
of the microstructure of SIPOS will follow. 
A discussion 
Oxygen is added to SIPOS to control it's electrical 
characteristics. A- silicon pn junction diode passivated by 
polysilicon exhibits a large amount of leakage current 
under reverse bias, the main components of which are the 
ohmic current through the passi vating film. Figure 2.2 
shows that adding oxygen will reduce the reverse leakage 
' 
current3 . In addition to this, the oxygen concentration 
controls the de resistivity of the film, shown in Figure 
2.314. 
SIPOS is typically used in_ conjunction with another 
passivation layer, namely silicon dioxide or silicon 
i 
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"I 
nitride. The additional passivation layer is deposited on 
top of the SIPOS and helps prevent vertical leakage between 
the silicon and the interconnects above. Sony Corporation 
, uses a passivation scheme to reliably 
manufacture 500 volt npn transistors packaged in molded 
epoxy, used as horizontal drivers • in color TV 
applications1 . 
little more 
Transistors passivated with SIPOS are a 
• noisy than those with a conventional 
passivation scheme, but, SIPOS transistors showed little to 
no deterioration of transistor gain or noise figure after 
breakdown of the emitter base junction7 • 
The conduction mechanisms • in SIPOS are extremely 
difficult to comprehend and many models have been proposed. 
M. Hamasaki et al5 suggest that SIPOS has two (2) 
activation energies: a large one, EO, and a small one, El, 
above and below room temperatures respectively. They 
concluded that the electronic properties of SIPOS cannot be 
understood by the simple mixture model. For example, the 
energy gap increases with oxygen concentration, but does 
not extrapolate to the value of silicon dioxide. T. 
Matsushita et al 15 point out that one of the attractive 
features of the conduction mechanisms in SIPOS is that it 
is free of memory effects. That is to say, hot carriers 
17 
I 
injected into the passivating layer by avalanche breakdown 
of a p-n junction will not exist within the SIPOS long, 
simply because the film is conductive. 
2.s Microstructure Of SIPOS 
Visualizing the microstructure of SIPOS may lead to 
"" 
some understanding of the conduction mechanisms within the 
film. The conduction of SIPOS, especially the ac 
conduction, will play an important role in interpreting the 
data discussed in the results section of this work. 
As deposited SIPOS has been shown to be amorphous, 
• 1.e. there • 1S some indication of short range 
.. , 
crystallographic order, but no indication of long range 
·. order. Upon annealing, SIPOS becomes polycrystalline 
silicon (consisting of many small crystallites) doped with 
oxygen atoms16 . 
To date there have been two physical models proposed 
for the microstructure of SIPOS. Ni and Arnold17 proposed 
a conduction model which assumed a "shell" structure for 
SIPOS such that each Si grain is surrounded by a layer of 
silicon dioxide, the thickness of which is related to ·the 
oxygen content of the film. This can be thought of as a 
18 
.. 
sea of oxide barriers separating a matrix of single-crystal 
silicon 
electron 
• grains. M. 
• microscopy 
Hamasaki et a115 used transmission 
and x-ray diffraction to propose a 
"mosaic structure" for SIPOS consisting of tiny Si and SiO 
crystallites surrounded by a sea of disordered silicon, as 
shown in Figure 2. 4. The silicon grains are "pieces" of 
single-crystal silicon and the SiO grains are, of course, 
amorphous. Embedded in the disordered silicon, they render 
c·-
heat treated SIPOS a polycrystalline film. The size of the 
silicon microcrystals depends mainly on the annealing 
temperature and weakly on the oxygen concentration. 
19 
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Figure 2.4 Microstructure of sipos 
proposed by Hamasaki et al 
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Chapter 3 
A Metal-Nitride-SIPOS-Silicon capacitor 
The basic device used to obtain the effective 
relaxation time of Sipos is shown in Figure 3.1. It. is a 
Metal-Nitride-~ipos-~ilicon capacitor. It • 1S (MNSS) 
similar to a Metal-Nitride-Qxide-~ilicon (MNOS) capacitor, 
except the oxide is repl~ced by SIPOS. The following 
sections will summarize the processing steps required to 
make such a device, but more importantly will emphasize the 
design considerations taken into account in designing the 
structure. 
3.1 Process summary 
The device starts with a p-type substrate with 
approximately 13 microns of 8 to 10 ohm-cm, n-type epi. 
Two phosphorus diffusions, Phosl and Phos2, serve as the 
bottom plate of the capacitor. Resistivities of the two 
diffusions as determined by the van der Pauw technique are 
105 and 5.5 ohm-cm for phosl and phos2 respectively. The 
final impurit~ concentration of the two diffusions as 
......... _. 
determined by Biceps, is shown 'in Figures 3.2a and 3.2b. 
J_ 
0 
,· 
----Metal 
.__ Nitride 
.__Sipos 
~~~~~~~~~~~~ . 
~Silicon 
Figure 3.1; MNSS Capacitor 
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After removing the field oxide, SIPOS was deposited 
directly on the silicon surface. It should be noted that a 
clean containing buffered hydrofluoric acid (BHF) was used 
to remove any native oxide that may have been grown on the 
silicon surface prior to SIPOS deposition. This native 
oxide would prevent the SIPOS from making direct contact to 
the silicon, and in effect prevent the SIPOS from operating 
properly. This clean was followed by the deposition of 
3500 angstroms of SIPOS and 200 angstroms- of silicon 
nitride. The oxygen content of the SIPOS, as determined by 
infrared spectroscopy using a Nicolet 
spectrometer, was 25.6 at%. 
SOX infrared 
At this point, a photoresist step (Window 1) was done 
to define the outer periphery of the bottom plate contacts, 
and the contacts were etched down to silicon. Then a 
second nitride deposition of 200 angstroms was done and a 
photoresist pass (Window 2) was done to define the actual 
diameter of the silicon contact. This double nitride 
deposition is important in that it prevented the SIPOS from 
contacting the metal that forms the bottom plate contact. 
Lateral conduction of SIPOS will be discussed in the next 
section of this chapter. 
summarized in Figure 3.3. 
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This process sequence • l.S 
l.' 
Nitride 
in--Sipos 
L-----------------~===-+-"--Phos2 
...___ _________ __::::::::,"--L __ Pho s 1 
• 
n-ep1 
( a) strip field ox, dep sipos, dep nitride 
Nitride 
Sipos 
L---------------------..::::::=-+-+-Phos2 
Phos1 
• 
n-ep1 
(b) W 1 PR and etch to contact bottom plate 
More Nitride 
Nitride 
Sipos 
L------------------------=-==:J-t-+--Phos2 
------------------=-..::r--4---Ph OS 1 
• 
n-ep1 
(c) dep more nitride to prevent metal-sipos short 
Figure 3.3 Process 5ummary 
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(d) 2nd Window 
(e) deposit 
• 
n - ep1 
Nitride 
Sipos 
Phos2 
Phos1 
PR and etch second nitride 
• 
n - ep1 
and define metal 
Metal 
Nitride 
Sipos 
Phos2 
Phos1 
Figure 3.3 Process Summary (cont'd) 
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The diffusions and contacts are now complete. This 
was followed by the deposition of 1000 angstroms of 
Titanium and 2000 angstroms of Platinum· to serve as the 
metallization. The final step was a photoresist operation 
to define the metallization. 
• 
Figure 3.4 shows a cross section of the final device 
with the corresponding sheet resistivities and passivation 
thicknesses . Figure 3. 5 shows an overhead of one of six 
. ~,. 
capacitors that are on each chip. The capacitor areas and 
their locations on the chip are shown in Figure 3.6. 
3.2 Window 1 Ring to Isolate SIPOS Island 
One of the design considerations in making the MNSS 
capacitor was a 10 micron wide Window 1 ring that 
completely surrounds the capacitor. As was mentioned 
previously, it is well known that SIPOS conducts laterally, 
and the purpose of this Window 1 ring is to prevent the 
"piece" of SIPOS between the capacitor electrodes from 
interacting with the SIPOS on the rest of the wafer. 
3.3 Lateral conduction of SIPOS 
Because the lateral conduction of SIPOS was such an 
important consideration in the design of the MNSS 
28 
Nitride ( 400 A) 
Sipos (3350 A) 
Pt (2000 A 
Ti ( 1000 A 
Phos2 (5.5 ohm/sq) 
Phos1 
• (8-10 n-ep1 
(100 ohm/sq) 
ohm-cm) 
Figure 3.4 complete MNSS capacitor (A-A') 
A 
Figure • of MNSS capacitor 3.5 top view 
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Figure 3.6 location of MNS
S capacitors 
on the chip 
Table 3. 1 -- Ca :)acitor Areas 
Capacitor Area (sq um) 
1 37,584 
2 19,216 
3 19,216 
4 19,21
6 
5 37
,584 ' 
6 2
1,900 
7 
. 4,096 
.s 4,096 
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capacitor, a considerable amount of time was spent on 
measuring this variable and a study was done to monitor the 
magnitude of this. conduction over time at elevated 
temperatures in two different atmospheres. 
A cross section of the test structure used for this 
portion of the project is shown in Figure 3.7a. This 
structure was designed by Robert D. Plummer of Bell 
Laboratories in Reading, Pennsylvania. The structure is 
designed to provide an edge connection of the metal to the 
SIPOS, enabling one to measure the lateral conduction of 
the SIPOS. Because the SIPOS normally has a much higher 
conductivity than oxide, the resistivity of the bilayer 
structure is assumed to be that of the SIPOS only. This 
was verified by monitoring conductance measurements taken 
from the control structure shown in Figure 3.7b. 
These test structures were exposed to 1000 hours of 
High-Temperature-Operating-Bias (HTOB), and 1000 hours of 
Temperature-Humidity-Bias. HTOB is a dry chamber at a 
' 
temperature of 150 degrees centigrade, and THB is a chamber 
set at eighty five percent (85%) relative humidity and 
eighty five (85) degrees centigrade. The power supplies 
were set to stress the parts at 80 volts, +5 volts and -75 
volts, as shown on Figure 3.7b. The intervals at which the 
31 
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+5V for aging -75V for aging 
+90V for measurement OV for measurement 
TI-Pt ,,metal 
n+ silicon p+ silicon 
• 
s1pos 
.. 
n-ep1 
Figure 3.7a structure to measure lateral 
conductivity of sipos 
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- 75V for aging 
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• 
n-ep1 ·~ ---·-·------·---
... ----J 
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' . 
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Figure 3. 7 b control str1tu re .,.c .• 
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conductance measurements were taken are 24, 96, 250, 400, 
and 1000 hours. To measure the conductance, a current 
reading was taken at 30 volts and 90 volts on a Hewlett 
Packard 4145A Semiconductor Parameter Analyzer. The slope 
of the I-V characteristic is the conductance of the SIPOS. 
A typical plot is shown in Figure 3.8. An overall picture 
of the test structure along with some theoretical 
calculations is shown in Figure 3.9 . 
..:, 
A typical measured value of lateral conductance of 
SIPOS was 5.0E-12 mhos, or approximately 450 pA at 90 
volts. Assuming the resistivity of the SIPOS is 1E8 ohm-
cm, a theoretical calculation gives a lateral conductance 
value of 1.732E-12 mhos. In terms of resistance, this is a 
measured lateral resistance of 2.0Ell ohms vs a calculated 
value of 5.78Ell ohms. A plot of the results is shown in 
Figure 3.10. 
There were 0/18 failures out to 1000 hours for the 
HTOB devices ·and 3/19 failures for the THB devices at 1000 
hours. The THB failures were good at 400 hours. 
Statistical analysis of the data indicates there • is no 
significant difference in the lateral conduction of the 
samples comparing t=O hours to t=lOOO hours for the parts C, 
exposed to the HTOB environment. However, the same 
33 
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Figure 3.9 "piece" of sipos used for lateral 
conductance measurements 
Some calculations: 
1) Electric Field during Aging: 
BOV 
E = 22 um= 3.64E04 V/cm 
2) Max Eleltric field during meas: 
90V 
E = 22 um= 4.09E04 V/cm 
3) theoretical lateral conductance: 
(1 OEB ohm-cm)(22E-4 cm) 
R= (3."Z98E-7 sq cm) = 
G = 1.73E-12 mhos 
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analysis indicates there • lS an average • increase • 1n the 
conduction of the samples by approximately 5% from t=O 
hours to t=lOOO hours for the parts exposed to the THB 
environment (error of measurement= 0.15%). 
In sum, when stressed with 80 volts (i.e. an electric 
field of 3.6E4 volts/cm) for 1000 hours, the conduction on 
these samples did not change in HTOB, but increased by 
about 5% in THB. Osenbach and Knolle20 have shown that 
SIPOS films can be significantly altered when they are 
exposed to a humid ambient before they are annealed at high 
temperatures .. They als9 showed that an 800 or 900 degree 
centigrade anneal stabilizes the SIPOS film so that no 
changes are observed after a THB treatment. Their results 
would suggest that the change in the conductance measured 
on these samples was not caused by a change in the lateral 
conduction of the SIPOS, rather by a change in one of the 
other passivation layers in the system. The three (3) THB 
failures did show a large amount of visible damage caused 
by excess current flow. The interesting part was that 
visible damage was seen only where there was a closed 
circuit electrical connection to SIPOS. One can conclude 
that if any passivation layer in the system fails, 
resulting in a leakage path to SIPOS, the SIPOS conducts to 
I 
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the point where excessive device damage may result. This 
certainly may be a reliability problem or may even cause 
immediate device failure. 
~\ 
The objective of the experiment was achieved in that 
the results showed that SIPOS does conduct laterally. 
Whether or not the lateral conduction is catastrophic will 
depend on two things: (1) the layout of the circuit, and 
(2) the sensitivity of the circuit to leakage current in 
any particular location. For example, if the leakage 
current (lateral conduction of the SIPOS) occurs at a node 
where the current will be multiplied by the square of a 
transistor beta (i.e. a Darlington configuration), this may 
be a catastrophic situation. On the other hand, if the 
lateral conduction of the SIPOS bleeds current from a 
resistor to ground, this may not be a catastrophic 
situation. Because the effect of the lateral conduction of 
SIPOS on the MNSS capacitor was unknown, the Window 1 ring 
described in the previous section was added to the design 
of the device, so that the SIPOS used as a dielectric for 
the capacitor structure would not interact with any other: 
-..... 
structure on the.rest of the wafer. 
i 
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Chapter 4 
Results and Discussion 
This chapter presents data on the MNSS capacitor shown 
in Figure 3.4. The objective of the analysis is to 
determine a value for the relaxation time of SIPOS and 
determine what kind of relaxation phenomena are present in 
the film that would cause such a value. An HP 4284A multi-
frequency • • precision measure the LCR meter used to was 
capacitance. 
Figure 4.1 shows a capacitance vs frequency plot for 
an MNOS capacitor and indicates that the capacitance • 1S 
constant in the experimental frequency range of 2 o Hz to 1 
MHz. Let it be noted that all remaining figures in this 
chapter represent data taken from an MNSS, capacitor. The 
., 
data (summarized Tables· 4.la and represent • in 4.lb) 
averages of 20 capacitors on 2 different wafers. • Figure 
4.2 shows the same curve for an MNSS capacitor and 
indicates some evidence of dielectric dispersion. By using 
equation 4.1, one can see that the capacitance of the 
nitride dominates the total capacitance of the series pair; 
i.e. the series capacitance of the nitride and the SIPOS. 
The calculated capacitance of the nitride is 62 pF. Figure 
4 .1 indicates that at very ,.low frequencies the SIPOS is 
'}··,, 
',J"' 
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·--~----~~-~-·--------~--------------~-~~~-~-~-~~--~~------~--~---~----~-~---~--~-~---------------~~-· • •
• Tabl• 4.la -- O.ta Usad To S........at• Fig.res 4.1 - 4.9 • • • 
·~~~-~~--~------~--~--~--~---------------~-~-----------~---~---------~--~-----~----------------------------· • •
• NtN)5 11-155 llf.iS NNSS tKiS ..ass eps' • 
• 
• 
• Fr•q c.p Cap c.p Tot Cond RC l:ond •ps• • eps• 1165 tjllj • • • 
• (Hz) <pf> (pf) <F> (5) (5) Nt/R Sipos Capacitor <asec> • • • 
·--~------~~-~-~---~---~---------------~--~-~-~~~~---~~----~-~~----------~-------------~------------~· • •
• 2.CE+Dl --- 62.62 6.26E-ll 2.55E-09 5.5CE-10 4.CJ3 --- 70.54 ----- • • • 
• 2.5E+Ol --- 62.36 6.24E-ll 3.45E-09 l.45E-09 10.40 --- 70.24 ---- • • • 
• 3.0E+Ol --- 59.50 5.95E-ll 4.3DE-09 2.ll-09 13.75 --- 67.02 
_____ ._. 
• 
• 
• 
• 4.CE+Dl --- 55.34 5.53E-ll 6.59E-09 4.59E-09 20.58 --- 62.34 • 
___ .... 
• 
• 
• 5.CE+Ol --- 51.12 5.llE-11 8.4DE-09 6.4CE-D9 22. 96 --- 57.58 ----- • • • 
• B.CE+Ol --- 40.19 4.02E-ll l .39E-CII l.19E-DB 26.75 45.27 • --- -----• • 
• 1.CE+02 21.10 34.82 3.4BE-ll 1.68[-CJB l ... e:-oe 26.51 79.24 39.22 ------ • • • 
• 1.SE+02 21.46 26.67 2.67E-ll 2.22E-CII 2.02F-OB 24.13 46.86 30.04 9.56E-Ol • • • 
• 2.DE+02 21.40 22.04 2.20E-ll 2.5BE-CII 2.3EE-OB 21.35 34.28 24.83 1.02E+OO • • • 
2.SE+02 21.46 19.17 1.92E-11 2.B6E-DB 2.66E-CJB 19.05 27.EM 21.59 • 9.99E-01 • • • 
4.0E+02 21.40 14.CJO 1.49E-ll 3.41E-CJB 3.21E-OB 14 ... 1 19.69 16.78 B.60E-01 • • • • 
• 5.0E+02 21.40 13.47 l.35E-1 l 3.66E-CII 3.46E-DB 12 ... 2 17.28 15.17 7.SOE-01 • • • 
• 6.CE+02 21.50 12.54 1.25E-ll 3.87E-CII 3.67E-D8 10.96 15.7'9 14.13 7.llE-01 • • • 
• B.CE+02 21.37 11.40 1.14E-ll 4.23E-CIJ 4.03E-OB 9.04 14.03 12.84 6.04E-Ol • • • 
• 1.DE+03 21.33 10.67 1.07E-ll 4.52£-08 4.32£-08 7.?4 12.95 12.02 5.29E-Ol • • • 
• 1.2E+03 21.36 10.20 1.02E-ll 4. 78E-DB 4.58E-08 6.84 12.27 11.49 4.71E-01 • • • 
• 1.5E+03 21.32 9.70 9.70E-12 5.16E-DB 4.9CE-DB 5.CJ3 11.56 10.93 4.07E-Ol • • • 
2.DE+03 21.30 9.18 9.lBE-12 5.61E-DB 5 ... lE-08 4.85 10.83 ' • 10.34 3.3SE-01 • • • 
• 2.5E+03 21.29 8.84 8.84E-12 6.05E-CII 5.BfE-08 4.20 10.37 9.96 2.86E-Ol • 
• • 
• 3.0E+03 21.28 8.60 8.61E-12 6.43E-CII 6.23E-D8 3.73 10.04 9.69 2.52E-01 • • • 
• 4.DE+03 21.27 8.26 8.26E-12 7.13E-CII 6.93E-08) 3.11 9.58 9.30 2.05E-Ol • • • ,,,.----
• 5.CE+D3 21.26 8.04 8.04E-12 7.74E-DB 7.=-oe 2.70 9.29 9.06 1. 75E-Ol • • • 
• 6.DE+03 21.25 
~-BB 1.eec-12 8.29C-DB e.. -oe 2.42 9.08 e.ee 1.53E-01 • • • " . 
• B.CE+03 21.24 • 65 7.65E-12 9.28[-CJB 9.oeE-08 2.04 8.77 B.62 1.24E-01 • • • \ 
\ 
·~-----~-~~-~----~------•--------~--~----~--~-------~-----------~~--~--------------~-~-~---~--~--~~--· . '\\.. . . 
•This is tJw only col•Jmn" of dat .. froa the flllS capacitor. All oth•r 
coluans ..-. froa the fffi5 Capacitor. 
r~ i'\ ..,_. . 
1.; .... 
I 
' 
·---------~---~~--~~------------~~---~----~~-~--~~-------~---------------~--~------~-----~~~------~---· • 
•
• T~le 4.lb -- D•t• Used To Gener•t• Figures 4.1 - 4.9 • 
• 
• 
·-~-----------~---------~-~--....~----------------~------------~----~-~----~----------------~~---~-~~~~-· • 
•
• NtllJS tlf.iS tt-155 fltSS tl65 flfSS eps• • • • 
• Fr•q Cap Cap Cap Tot Cond AC Cond •ps•• eps• tffiS tau • • • 
• (Hz) <pF> <pf> (f) (5) (5) Nt/R Sipos Capacitor (asec) • • • 
·~-~--~--~------~-----~--~------~~-----~--~-------~~-~~~~-----~---~~---~~~-~~----.---~~----~--~----------· • • 
• 1.CE:+04 21.22 7.49 ?.49E-12 l.02E-07 9.95E-Cl3 1.78 8.56 8.4-4 l.06E-Ol • 
• 
• 
• 1.2E+04 21.21 7.38 7.38E-12 l.09E-07 1.07E-07 1.61 8.42 8.31 9.23E-02 • 
'~ • 
• 
• 1.5E+04 21.20 7.25 7.25E-12 l .2DE-07 1. lBE-07 1.42 8.25 B.17 7.96E-02 • • • 
• 2.CE+04 21.18 7.10 7.lCE-12 l.:E.E-07 1. 34E-07 1.20 8.06 8.00 6.39E-02 • • • 
• 2.5E+04 21.17 7.01 7.DlE-12 l .51E-07 1.49E-07 1.07 7.95 7.90 S.41E-02 • • • 
• 3.0E+IM 21.16 6.93 6.93E-12 l.64E-07 1.62E-07 0.97 7.84 7.81 4.76E-02 • • • 
• 4.CE+04 21.15 6.83 6.B3E-12 l.B7E-07 1.85E-07 0.83 7.72 7.69 3.86E-02 • • • 
• 5.DE+04 21.1• 6.76 6.76E-12 2.0BE-07 2.D6E-07 0.74 7.63 7.61 3.29E-02 • • • 
6.CJE+04 21. 14 6.71 6.71E-12 2.27£-07 2.2f£-07 0.67 7.57 7.56 2.BBE-02 • +"' • • • 
N 
• B.OE+04 21.13 6.iil 6.63E-12 2.61E-07 2.59E-07 0.58 7.46 7.47 2.37£-02 • • • 
• 1.CE+OS 21.13 6.58 6.58E-12 2.93E-07 2.91E-07 0.52 7.40 7.41 2.03E-02 • • • 
• 1.2E+05 21.13 6.54 6.54E-12 3.21E-07 3.19E-07 0.48 7.35 7.37 1.BOE-02 • • • 
• l.5E+05 21. l~ 6.50 6.SOE-12 3.61E-07 3.59E-07 0.43 7.31 7.32 1.54E-02 • • • 
• 2.CE+05 21.17 6.45 6.45E-12 4.2JJE-07 4.11£-07 0.37 7.24 7.27 1.2BE-02 • • • 
• 2.5E+05 21.21 6.42 6.42E-12 4.75E-07 4.73E-07 0.34 7.20 7.23 1. lOE-02 • • • 
3.CE+05 21.28 6.40 6.40E-12 5.31E-D7 · 5.2'£-07 0.32 7.18 7.21 9.67£-03 • • • • 
• 4.=+05 21.45 6.39 6.39E-12 6.?9E-07 6.77E-07 0.30 7.16 7.20 7.47E-03 • • • 
• 5. +05 21.31 6.35 6.35E-12 9.17£-07 9.15E-07 D.33· 7.11 7.15 6.BBE-03 • 
• • 
• 6.0E+05 20.88 6.29 6.29E-12 l.D6E-06 1.D6E-D6 0.32 7.04 7.0CJ 7.9BE-03 • 
• 
• 
• 6.7E+05 20.87 6.27 6.27E-12 l.10E-D6 1.D9E-D6 0.29 7.01 7.06 8.66E-03 • 
• • 
• B.CE+05 20.65 6.24 6.24E-12 l.16E-06 1.16E-06 0.26 6.98 7.03 1.2CE-02 • • • 
9.6E+05 20.63 6.23 6.23E-12 l.25E-D6 1.25E-D6 0.23 6.96 7.02 1.97E-02 • • • • 
1.IE+06 20.63 6.23 6.23E-12 1.28E-D6 1.28E-06 0.23 6.96 7.02 1.B9E-02 • • • • 
·----~-~-~--~-~--~---~------~---~-~-~~------~--------~--~~------~-...... ~----~-----------------------~--~-~-----· • •
•This is the onllJ col11nn of d•t~ fraa the t9llS capacitor. 
coluans ..-. froa t.tw llfSS cap•cit:.or. 
All othltr 
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Figure 4.2 
capable of reacting to the alternating field being applied, 
and the total capacitance approaches that of the the 
nitride. 
The relaxation frequency is defined as the frequency 
at which the capacitance has the mean of the two extreme 
values at the high and low frequency limits. For the MNSS 
capacitor, the high and low frequency limit capacitance 
values are 6.2 pF and 62.6 pF respectively. The average of 
these two values • is 34.4 pF, which corresponds to a 
relaxation frequency of 100 Hz. 
Figure 4. 3 shows that the total conductance of the 
capacitor is a function of frequency. A de (i.e. very low 
frequency) conductance of 2. OE-9 S was extrapolated from 
this curve. It can be seen that the conductance increases 
faster from 20 Hz to 100 Hz than it does from 100 Hz to 1 
MHz. Since the de conductance should originate from the 
leakage current in the nitride and the SIPOS, it can be 
assumed that this current is independent of the frequency 
of the applied ac signals, so that all frequency dependent 
parts.of the total conductance are caused by the relaxation 
phenomena of the passivation layers. Furthermore, because 
the conduction of the SIPOS is orders ef magnitude greater 
than that of the nitride, it is assumed that all frequency 
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dependent phenomena of the ac conductance of the MNSS 
capacitor ar~ caused by the relaxation behavior of the 
SIPOS only. 
Subtracting the de conductance from the total 
conductance results in the ac conductance vs frequency plot 
shown in Figure 4.4. Once again, the conductance increases 
more rapidly at frequencies up to 100 Hz. 
The real part of the total dielectric constant,~·, 
is calculated from the series capacitance equation: 
( 4. 1) 
where en is the capacitance of the nitride, cs is the 
capacitance of the SIPOS, and Ct is the total capacitance 
of the series pair. The imaginary part of the dielectric 
constant,€'' is calculated by: 
ac conductance X thickness of film 
~ --~----------~-------~--------------- (4.2) 2pi X frequency X area of capacitor 
I 
The real and imaginary part of the total dielectric 
constant are shown in Figure 4. 5. Using equation 4. 2 to 
calculate the imaginary part of the dielectric constant, 
one can show the relationship between e.' ' and frequency, 
as indicated in Figure .4.6. In the figure, the frequency 
· is normalized by the relaxation frequency. This graph 
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• shows a distinct maximum at the relaxation frequency. 
Recall that the relaxation frequency determined by the 
capacitance measurements was 100 Hz, and in Figure 4.6 the 
imaginary part of the dielectric constant shows a distinct 
maximum at that frequency. Perhaps a more revealing way to 
..,.,,.,,.,•' 
.~ 
-~ 
__..-· 
look at the dielectric constant is as shown in Figure 4.7. 
In this figure, the imaginary part and the real part are 
normalized independently, and the graph clearly shows that 
the real part decreases from 100% of it's relaxed value at 
20 Hz, to less than 14% of it's relaxed value at a 
frequency of only 3 KHz. Then from 3 KHz the dielectric 
constant falls off very slowly until it reaches an 
unrelaxed value that is less than 10% of the low frequency 
relaxed value. The fact that Figure 4.6 shows a distinct 
maximum at the relaxation frequency suggests that the 
dispersion 
properties. 
originates from Debye-like dispersion 
Ideally, in plotting the Debye equations 2.20 and 2.21 
as E.' and e.' ' vs log frequency, one would observe both 
parameters as being symmetrical about the relaxation 
frequency, the symmetry resulting from the logarithmic 
frequency scale. Historically, experimental data differs 
from the ideal in that the dispersion of£' occurs over- a 
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much broader frequency range, and the absorption 
(represented by £' ') usually has a smaller and broader 
• maximum. This is exactly the case for the MNSS capacitor 
used in this study, particularly in the case of €.' ' • 
Figure 4.5 clearly shows that£'' has a very broad maximum 
about the relaxation frequency. For this reason, the Cole-
Cole diagram shown in Figure 4.8 was limited to the 
frequency range of 20 Hz to 3 Khz. Ideally, this curve 
would be a semi-circle with a center at {(£0 + n1 )/2, O}, 
radius (£0 - n2 )/2. Cole and Davidson found that certain 
materials, for example glycerol, do not,_ nave the perfect 
symmetry of the Cole-Cole semicircle17 . Rather, the €' ' -
~ plot is a skewed arch. This is what is observed in 
Figure 4.8. The shape of the Cole-Cole diagram agrees with 
that found by H. Adachi et al 18 for evaporated silicon 
oxide films at very low frequencies. This type of £' ' - f:' 
plot is therefore more appropriately ref erred to as the 
Cole-Davidson arch. The skewness of the arch is caused by 
l 
the broad maximum of the absor.ption -curve. 
Because the capacitance of the MNOS capacitor is not a 
function of frequency in the experimental frequency range, 
one can deduce that the dispersion shown in Figure 4.2 is 
\ 
being caused by the inability of the SIPOS ·to respond to 
the ac signal being applied. 
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Knowing the film dispersion originates from Debye-like 
dispersion, equation 2. 2 O can be used to calculate the 
macros~pic relaxation time of SIPOS. This is shown in 
Figure 4.9 to range from 1 msec at 100 Hz to 20 usec at 500 
KHz. In this frequency range, the relaxation time obeys 
the relationship log(tau) = -.7*log(frequency)-1.18. 
( 
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conclusion 
Frequency dependence of capacitance for a Metal-
Nitride-§ipos-§ilicon (MNSS) capacitor shows evidence of 
dielectric dispersion i!l the experimental frequency range 
•, 
of 20 Hz to 1 MHz. Comparing ~hese results with those of a 
I 
Metal-Nitride-Qxide-~ilicon (MNOS) capacitor suggests that 
the dispersion occurs due to the presence of the SIPOS. 
Furthermore, plotting the imaginary part of the dielectric 
constant as a function of frequency manifests a distinct 
maximum at a relaxation frequency of 100 Hz. This 
indicates that the dispersion phenomena are caused by 
Debye-like dispersion properties. Consequently, the Debye 
equations were used to calculate a relaxation for SIPOS. 
The relaxation time ranges from 1 msec at 100 Hz to 6 usec 
at 500 KHz, and follows the relationship: 
log(tau) = -.7*log(frequency)-1.18. 
All capacitance measurements made on the MNSS capacitor in 
this work were at zero _(O) bias. H. Adachi et a1 19 have 
shown that the dispersion properties of evaporated silicon 
oxide films at very low frequencies are de bias dependent. 
56· 
I 
• 
Since. • in most practical circuit applications, a 
sufficiently large de bias is placed across the ,SIPOS, a 
recommendation for future work would be to study what 
,,, 
effect a de bias would have on the dispersion properties of 
the film. 
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